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Introduction
Obesity is a global healthcare problem that has risen to epidemic proportions worldwide [1, 2] . It is now common to admit obese medical or surgical patients to the intensive care unit (ICU) [3] . It is estimated that at least 20% of patients admitted to the ICU are obese [4, 5] . One of the main challenges of the critical care management of obese patients is successful respiratory system management. The negative effects of thoracic wall weight and abdominal fat mass on pulmonary compliance, leading to decreased functional residual capacity and arterial oxygenation, are exacerbated by a supine position and further worsened after general anesthesia and mechanical ventilation. Obese patients are at risk of developing lung de-recruitment and then atelectasis. The incidence of acute respiratory distress syndrome (ARDS) is increased in obese patients [6, 7] .
However, while obesity contributes to many diseases and is often associated with higher all-cause mortality in the general (non-selected) population [1] , obese patients with ARDS have a similar or lower mortality risk when compared with non-obese patients with ARDS [7] [8] [9] . Obese patients therefore represent a specific population of ICU patients, and could differ from non-obese
Epidemiology and pathophysiology

Obesity and risk of ARDS
Obese patients are particularly at risk of ARDS. In 1795 patients admitted from 1997 to 2009 to two centers, Gong et al. [6] reported that obesity was associated with ARDS compared with normal weight (odds ratio [OR] 1.66 [95% confidence interval (CI) 1.21-2.28] for obese; OR 1.78 [95% CI 1.12-2.92] for severely obese). Higher body mass index (BMI) and obesity were associated with longer lengths of stay but not ARDS mortality after adjusting for baseline clinical factors. Similar to these results, in a secondary analysis from a prospective, multicenter, international cohort in 2004 of 4968 adult patients in 349 ICUs, Anzueto et al. [7] observed a higher incidence of ARDS and acute renal failure in obese patients. After adjustment, obesity was significantly associated with the development of ARDS with ORs of 1.69 (95% CI 1.07-2.69) for obese and 2.38 (95% CI 1.15-4.89) for severely obese compared with normal weight; however, there were no associations with increased duration of mechanical ventilation, length of stay or mortality. These results were confirmed in a recent meta-analysis [10] , which showed that obesity was associated with a significantly increased risk of ARDS (pooled OR 1.89 [95% CI 1.45-2.47], I 2 = 50%, p < 0.00001, n = 30,583). The respiratory physiology of the obese patient might explain the increased incidence of ARDS criteria in obese patients. Anatomic and physiological alterations are observed in obese patients, affecting the face, neck, pharynx, chest wall and lungs. Excess abdominal fat may increase abdominal pressure. The displacement of the diaphragm upward, added to the increased chest wall weight, may raise baseline pleural pressure [11] . While total lung capacity and spirometric values usually remain normal, there is a decrease in functional residual capacity. Reduced functional residual capacity can trigger the closure of peripheral dependent airways during tidal ventilation, and decreased lung compliance due to tidal ventilation below the lower inflection point of the inspiratory pressure-volume curve. These changes result in atelectasis and ventilation-perfusion mismatch and hypoxemia, these effects being increased in the supine position. These modifications pave the way for infections and associated ARDS. The increased prevalence of gastroesophageal reflux disease and difficult intubation [12] can also increase aspiration incidence during intubation, and the underlying insult of ARDS [13] .
It is worth noting that despite the increased incidence of ARDS in obese patients, only two of the four prospective scores predicting lung injury, the Lung Injury Prediction Score (LIPS) [14] and the Emergency Department Lung Injury Prediction Score (EDLIPS) [15] , include obesity as a prognostic factor. Obesity status is not included in the surgical lung injury prediction score (SLIP-2 score) [16] or the early acute lung injury score (EALI score) [17] .
Prognosis of obese patients with ARDS
Although the prognosis of obese ARDS patients remains debated, it seems that obese patients with ARDS have a similar or better prognosis than non-obese patients. Table 1 shows the main observational studies that have reported epidemiology and outcome in obese patients with ARDS. Ni et al. [23] showed in a meta-analysis performed in ARDS patients that compared with normal weight, being underweight was associated with higher mortality (OR 1.59, 95% CI 1.22-2.08, p = 0.0006), while obesity (OR 0.68, 95% CI 0.57-0.80, p < 0.00001) and morbid obesity (OR 0.72, 95% CI 0.56-0.93, p = 0.01) were more likely to result in lower mortality. These results were similar to those of another meta-analysis performed by Zhi et al. [10] : obesity was significantly associated with reduced risk of ARDS mortality. However, longer prognosis is more uncertain. In a recent analysis of 144 candidate predictors in a large, multicenter, prospective cohort of ARDS survivors, obesity at admission was associated with worse 6-month quality of life (EQ-5D) [24] .
There are several potential explanations for these findings, although data delineating mechanisms are lacking. Obese patients may have been misclassified as ARDS in case of interpretation of atelectasis as bilateral infiltrates. Although Gong and colleagues [6] found that increased frequency of PaO 2 /FiO 2 < 200 was the criterion responsible for the higher ARDS incidence in obese patients, rather than radiographic findings, atelectasis is also associated with a low PaO 2 / FiO 2 ratio [25] . Despite a similar pulmonary injury, obese patients might be more prone to hypoxemia because of a greater incidence of atelectasis, which could result in a lower PaO 2 /FiO 2 ratio compared with normal weight patients, and therefore a misdiagnosis of ARDS. Reduced functional residual capacity could participate in atelectrauma in case of non-appropriate ventilatory settings (positive end-expiratory pressure [PEEP] too low), worsening hypoxemia. Furthermore, recent evidence suggests that obesity induces a low-grade inflammation, generating a process that may subsequently protect the lung against further insults, through a mechanism of pre-conditioning [4] . However, two important confounding factors limit the extrapolation of these observational studies and could explain their discrepancy. The type of obesity (grade, repartition of fat [android vs. gynoid], sarcopenic/ non-sarcopenic obesity) is not indicated and muscular strength and function and the metabolic status of the patients (insulin sensitivity) were not evaluated. Diaphragmatic force may also be stronger in obese patients, as recently suggested by an experimental study performed in obese Zucker rats [26] . In obese rats, the diaphragmatic force was increased at baseline and after mechanical ventilation, compared to non-obese rats, which might be a protective factor in case of ARDS onset, facilitating liberation from mechanical ventilation. Another key element when considering the relationship between obesity and ARDS is that clinicians might consider obese patients to be at high risk of worse outcome; this belief could result in earlier admission to the ICU. Increased monitoring, associated with an increased use of prophylactic measures, could then explain the better prognosis observed in obese patients [4] . The medical or surgical status of the patients could also be a confounding factor. Our team evaluated the impact of medical admission as opposed to surgical admission on the short and long term outcome of obese ICU patients, in a prospective, observational cohort study of 791 obese patients admitted over 14 years, using a propensity-score-matched analysis [27] . Twenty percent of the patients included had ARDS. The main results were that ICU mortality in the medical group was higher than that in the surgical group and remained significantly higher 365 days post-ICU admission. After adjustment for category of admission, ICU mortality did not differ in obese and non-obese patients [22] ). The current notion that all obese patients have similar ICU outcomes should be reconsidered.
Ventilator support
A summary of the recommendations for ventilatory management of the obese patient with ARDS is given in Box 1. 
Positioning
A reverse Trendelenburg position, in which the supine patient's head is placed higher than the feet at an angle of 45°, might help to liberate the obese patient from the ventilator [28] . The reverse Trendelenburg position could act by reducing transdiaphragmatic pressure and atelectasis, resulting in improved gas exchange.
Ventilator settings
Protective ventilation should be applied, using low tidal volume, moderate to high PEEP, and recruitment maneuvers [29] . As the lungs do not grow with weight gain [3] , tidal volume should be set according to ideal body weight, based on height and sex, and not actual body weight [3, 12] . In the 2010s, these recommendations of low tidal volume according to ideal body weight were poorly applied [30] . In 580 mechanically ventilated adult patients admitted to three ICUs between February 1, 2006 and January 31, 2008, O'Brien et al. [30] reported that morbidly obese patients were often ventilated with significantly higher tidal volumes based on the predicted body weight compared with patients of normal body weight. Similarly, in the study by Anzueto et al. [7] , a retrospective analysis of prospective data collected in 2004, severely obese patients were more likely to receive low tidal volumes based on actual body weight but high volumes based on predicted body weight. The ventilatory management of obese patients has probably changed since the periods of inclusion of these two studies.
In the French center of Montpellier, we performed an analysis of ventilator settings in obese and non-obese ARDS patients from 2009 to 2017 [22] . Four hundred patients with ARDS were included, 295 non-obese patients and 105 obese patients. In contrast to the two previous studies [7, 30] , we observed that ventilator settings were appropriate in obese and non-obese patients: tidal volume based on ideal body weight was not significantly different between obese and non-obese patients [22] . To take into account the increased abdominal pressure and chest wall mass and to limit atelectasis occurrence, higher PEEP is needed in obese patients compared to non-obese patients [31] . In a recent study, Pirrone et al. [32] showed that PEEP values commonly used by clinicians (11.6 ± 2.9 cmH 2 O) was inadequate for optimal mechanical ventilation for morbidly obese ICU patients. A recruitment maneuver followed by end-expiratory pressure titration significantly improved lung volumes, respiratory system elastance and oxygenation. These authors assessed the effects of two approaches for titrating PEEP (a decremental PEEP trial and an end-expiratory transpulmonary pressure approach), and reported no significant differences on end-expiratory lung volume, respiratory mechanics or gas exchange. The two methods of evaluating PEEP identified the same optimal PEEP levels (20.7 ± 4.0 vs. 21.3 ± 3.8 cmH 2 O; p = 0.40). Similar results were reported in obese patients in the operating room under general anesthesia in the study by Nestler et al. [33] . The authors [33] performed individualized PEEP titration using electrical impedance tomography and noted that a mean PEEP value of 18 cmH 2 O was required to optimize end-expiratory lung volume. However, patients receiving optimized PEEP had greater need for intravenous fluids and vasopressors [33] .
Driving, Transpulmonary and transthoracic pressures
Some studies have suggested that higher driving pressure (driving pressure = plateau pressure − PEEP) was associated with higher mortality in ARDS [34, 35] . However, the relationship between driving pressure and mortality has been poorly studied in obese patients with ARDS. The respiratory system (Fig. 1) includes the lung and the chest wall, and the airway pressure is related to both transpulmonary pressure (lung assessment, =alveolar pressure − pleural pressure) and transthoracic pressure (chest and abdomen assessment, =pleural pressure − atmospheric pressure), which differ in obese compared to the non-obese patients [12] . The relative part of pressure due to transthoracic pressure is higher in the obese patient than in the non-obese patient (elevated pleural pressure, which can be estimate by esophageal pressure) [36] . The key factor generating ventilator-induced lung injury (VILI) is regional lung overdistension with high transpulmonary pressure (Fig. 1) . These lesions are usually apprehended by the evaluation of the plateau pressure, which represents the pressure used to distend the chest wall plus lungs. As seen earlier, obese patients have a very stiff chest wall, with elevated baseline pleural pressure, and much of the pressure that is applied by the ventilator will be used to distend the chest wall rather than the lung. An elevated plateau pressure may be related to an elevated transthoracic pressure, rather than an increase in transpulmonary pressure, with accompanying lung overdistension. We hypothesized that in obese patients with ARDS, with limited ventilated lung area and stiff chest wall, driving pressure would not be representative of the real pressure applied to the lungs and would not be associated with mortality [22] . We observed that the driving pressure at day 0 in non-obese patients was significantly lower in survivors at day 90 (11.9 ± 4.2 cmH 2 O) than in non-survivors (15.2 ± 5.2 cmH 2 O, p < 0.001). However, in obese patients, driving pressure at day 0 was not significantly different in survivors at day 90 (13.7 ± 4.5 cmH 2 O) than in non-survivors (13.2 ± 5.1 cmH 2 O, p = 0.41). These results were confirmed in multivariable analysis, showing that driving pressure was not an independent factor for mortality in obese patients [22] . The results of this recent study suggest that driving pressure could not be appropriate to assess the severity or prognosis of obese patients with ARDS [22] .
To differentiate the chest wall pressure from the lung pressure, assessing transpulmonary pressure using transesophageal pressure may be appropriate in these Fig. 1 Pressures of the respiratory system. The respiratory system includes the lung and the chest wall, and the airway pressure is related to both transpulmonary pressure (lung assessment, =alveolar pressure − pleural pressure) and transthoracic pressure (chest and abdomen assessment, =pleural pressure − atmospheric pressure), which differ in the obese patient compared to the non-obese patient. The relative portion of pressure due to transthoracic pressure is higher in the obese patient than in the non-obese patient (elevated pleural pressure, which can be estimated by esophageal pressure). The plateau pressure represents the pressure used to distend the chest wall plus lungs. In obese patients, elevated plateau pressure may be related to an elevated transthoracic pressure, rather than an increase in transpulmonary pressure with accompanying lung overdistension. Usual driving pressure, i.e., transthoraco-pulmonary driving pressure (plateau pressure − positive end-expiratory pressure [PEEP]), may not be appropriate to assess the severity of obese patients with acute respiratory distress syndrome (ARDS). To differentiate the chest wall pressure from the lung pressure, assessing transpulmonary pressure (plateau pressure -PEEP -(inspiratory esophageal pressure − expiratory esophageal pressure)) using esophageal pressure may be appropriate in obese ARDS patients. Insp inspiratory, exp expiratory, esoph esophageal patients. A recent study examined the relationships between the respiratory system and transpulmonary driving pressure (the difference between airway plateau minus PEEP and inspiratory esophageal pressure minus expiratory esophageal pressure), pulmonary mechanics and 28-day mortality [37] . The results suggest that using PEEP titration to target positive transpulmonary pressure via esophageal manometry causes both improved elastance and driving pressures. Treatment strategies leading to decreased respiratory system and transpulmonary driving pressure at 24 h were associated with improved 28 day mortality. This strategy could be applied in obese patients, using esophageal pressure monitoring. Eichler et al. [38] showed that during laparoscopic bariatric surgery, patients require high peroperative levels of PEEP to maintain a positive transpulmonary pressure throughout the respiratory cycle. In the critical care setting, Fumagalli et al. [39] aimed to determine the relationship between transpulmonary pressure, lung mechanics, and lung morphology in obese patients with acute respiratory failure. They reported that, in obesity, low-to-negative values of transpulmonary pressure predict lung collapse and intratidal recruitment/ derecruitment. These results further support, for some authors, the use of transpulmonary pressure, using esophageal pressure monitoring, to monitor obese patients in ARDS.
Neuromuscular blockers
Neuromuscular blockers can be used in obese patients. When neuromuscular blockers are used, special care must be taken to prevent awareness during general anesthesia [40] , because of rapid redistribution of sedatives in fat. Bispectral index (BIS) monitoring may help prevent accidental awareness during general anesthesia, although its efficacy for this purpose remains debated.
Adjuvant therapies
Prone position Prone positioning enables recruitment of more tissue in the dorsal region than can be derecruited in ventral regions, and lung inflation is more homogeneously distributed along the dorsoventral axis of the lung with a decrease in ventilation perfusion inequalities. In a non-obese population, Guérin et al. [41] showed that in patients with severe ARDS, early application of prolonged prone positioning sessions significantly decreased 28-day and 90-day mortality. As pointed out earlier, obese patients are particularly prone to atelectasis with a decreased functional residual capacity and may be more likely to respond to prone positioning. In a specific population of obese patients, the safety and efficiency of prone position in obese patients, defined using a BMI > 35 kg/m 2 , were analyzed [8] . The primary endpoint was to evaluate the rate of complications of prone positioning and the secondary endpoint was to assess the effect on gas exchange, the nosocomial infection rate and mortality. For the 66 patients evaluated, at least one complication occurred in 20 patients, at similar rates in obese and non-obese patients (10/33 vs. 10/33, p = 1.00). The PaO 2 /FiO 2 ratio was significantly increased with prone compared to supine positioning in the two groups (p < 0.0001). In obese patients, the PaO 2 / FiO 2 ratio was significantly higher with prone positioning than in non-obese patients (p = 0.03), whereas there was no statistically significant difference for the supine position. This study was a single center study performed by a trained team. Particular care was needed to avoid increased abdominal pressure and associated complications, such as renal failure and hypoxic hepatitis [42] , which might be triggered by prone positioning. To avoid these side-effects, the reverse Trendelenburg position and optimal abdominal fat positioning can be used. The technique is described in Fig. 2 .
Extracorporeal membrane oxygenation The use of venovenous extracorporeal membrane oxygenation (VV-ECMO) has reemerged as an option for ARDS refractory to conventional support [43] . In addition to cannulation difficulty, obtaining sufficient circuit flow can be challenging in morbid obese patients [44] . There remains significant hesitancy in many centers to offer ECMO support to the obese population. However, class III obesity was not associated with poorer outcomes in obese ECMO patients in a recent study [45] . Among the 55 patients with ARDS placed on ECMO during the study period, 12 were morbidly obese (BMI > 40 kg/m 2 ). Pre-ECMO mechanical ventilatory support and indices of disease severity were similar between the two groups, as were cannulation strategy and duration of ECMO support. Nine (75%) morbidly obese patients and 27 (63%) non-morbidly obese patients were successfully weaned from ECMO support, and patient survival to time of discharge was 67 and 58%, respectively. In the subset of super obese patients (BMI > 50 kg/m 2 , n = 6), recovery and midterm survival was 100%. Transport of morbidly obese patients receiving ECMO is also safe [46] . In the recent EOLIA study [47] performed in patients with very severe ARDS, including obese patients (only patients with BMI > 45 kg/m 2 were excluded), 60-day mortality was not significantly lower with ECMO than with a strategy of conventional mechanical ventilation that included ECMO as rescue therapy. However, 28% of the patients in the control group crossed over to ECMO for refractory hypoxemia. Based on these data, also reported by others [48] , ECMO support in ARDS patients should not be withheld from the obese patient population.
Extracorporeal carbon dioxide removal Use of extracorporeal carbon dioxide removal (ECCO 2 R) in non-obese and obese patients with ARDS is under evaluation [43, 49] . A recent pilot [50] study performed in 20 patients with mild to moderate ARDS and a mean BMI of 30 ± 7 kg/m 2 showed that a low-flow ECCO 2 R device enabled very low tidal volume ventilation with moderate increase in PaCO 2 in patients with mild-to-moderate ARDS. ECCO 2 R is promising in this setting in the obese population, to further avoid volutrauma using very low tidal volumes associated with high PEEP with the aim of avoiding closed alveoli and atelectasis.
Research agenda
Because obesity status is often an exclusion criterion in the major randomized controlled studies in ARDS, specific outcome studies are needed in obese patients with ARDS. Results from the main randomized controlled studies assessing effects of mechanical ventilation settings (optimal ventilatory mode, tidal volume, PEEP value, recruitment maneuver type and modalities) cannot be generalized to obese patients. Future randomized controlled trials are necessary to evaluate the effect of different strategies of ARDS management on outcomes in this population. Similar evaluations should be conducted in obese patients without ARDS at admission to the ICU with the aim of preventing development of ARDS. The most recent physiologic studies suggest that an individualized approach should be evaluated in obese patients with ARDS.
Conclusion
Obese patients have an increased risk of ARDS. Atelectasis formation, increased baseline oxygen consumption and iatrogenic ventilator management could explain the higher incidence of ARDS in obese patients. Lung volumes are not increased in obese patients compared to non-obese patients, and settings of protective ventilation should be applied, based on the ideal body weight and not on the real body weight. Transthoracic pressure is higher in obese patients than in non-obese patients, so driving pressure may be not appropriate to assess the severity of ARDS and to guide ventilatory management in obese patients. Monitoring of eesophageal pressure seems particularly interesting in morbidly obese patients, in order to assess the real transpulmonary pressure and set optimal PEEP levels. To counteract the onset of atelectasis in the dependent region of the lungs, prone positioning may be advised in obese patients with ARDS, by a trained team. Individualized treatment remains the best option for optimal outcomes, taking into account the pathophysiology of the obese patient. Step 1: The patient is lying down, under deep sedation and analgesia. One operator is at the head of the patient to secure the airway access, three operators are on the right, two on the left, and one is mobile.
Step 2: The monitor is checked. The patient is then turned on the left side first.
Step 3: The patient is then moved to the other side of the bed.
Step 4: The patient is turned.
Step 5: Upper chest and pelvic supports are placed to avoid abdominal compression.
Step 6: Finally, compression points are checked regularly, and the head is turned every 2 h. Bed is positioned in a reverse Trendelenburg position
